4048-4062 Nucleic Acids Research, 2011, Vol. 39, No. 10 
doi:10.1093/nar/gkql338 



Published online 25 January 2011 



WDHD1 modulates the post-transcriptional step 
of the centromeric silencing pathway 

Chia-Ling Hsieh 1 , Chih-Li Lin 2 , Hsuan Liu 2 , Yao-Jen Chang 2 , Chii-Jiun Shin 2 , 
Chang Zheng Zhong 2 , Sheng-Chung Lee 1 ' 3 '* and Bertrand Chin-Ming Tan 2 * 

institute of Molecular Medicine, College of Medicine, National Taiwan University, Taipei, department of 
Biomedical Sciences and Graduate Institute of Biomedical Sciences, College of Medicine, Chang Gung 
University, Kwei-San, Tao-Yuan and institute of Biological Chemistry, Academia Sinica, Taipei, Taiwan 

Received September 27, 2010; Revised and Accepted December 17, 2010 



ABSTRACT 

The centromere is a highly specialized chromosom- 
al element that is essential for chromosome segre- 
gation during mitosis. Centromere integrity must 
therefore be properly preserved and is strictly de- 
pendent upon the establishment and maintenance 
of surrounding chromatin structure. Here we 
identify WDHD1, a WD40-domain and HMG-domain 
containing protein, as a key regulator of centromere 
function. We show that WDHD1 associates with 
centromeres in a cell cycle-dependent manner, 
coinciding with mid-to-late S phase. WDHD1 
down-regulation compromises HP1a localization to 
pericentric heterochromatin and leads to altered ex- 
pression of epigenetic markers associated with this 
chromatin region. As a consequence, such reduced 
epigenetic silencing is manifested in disrupted het- 
erochromatic state of the centromere and a defect- 
ive mitosis. Moreover, we demonstrate that a 
possible underlying mechanism of WDHDI's in- 
volvement lies in the proper generation of the 
small non-coding RNAs encoded by the centromeric 
satellite repeats. This role is mediated at the 
post-transcriptional level and likely through 
stabilizing Dicer association with centromeric RNA. 
Collectively, these findings suggest that WDHD1 
may be a critical component of the RNA-dependent 
epigenetic control mechanism that sustains centro- 
mere integrity and genomic stability. 

INTRODUCTION 

The centromere is a distinctive chromosomal element 
upon which the kinetochore is anchored during 



mitosis (1,2). This highly compacted structure and its in- 
tegrity are indispensable for mitotic chromosome align- 
ment and segregation, and consequently the preservation 
of genomic information. DNA corresponding to the 
centromere (CT) and pericentromere (PCT) regions 
consists of extensive arrays of short tandem repeats, 
respectively, termed minor and major satellites, that 
have long been thought to be transcriptionally inert. 
However, research in the past decade has unequivocally 
demonstrated the expression of CT- and PCT-derived 
non-coding RNA transcripts across different eukary- 
otic species (3,4). Studies in the fission yeast, 
Schizosaccharomyces pombe, have provided the strongest 
evidence thus far that these RNA species serve as a critical 
determinant in the formation and maintenance of centro- 
meres and associated chromatin structure (5-7). The 
centromeric silencing process involves an elaborate inter- 
play between epigenetic and RNAi-dependent mechan- 
isms, which entails a cascade of events leading ultimately 
to the generation of small RNA and establishment of a 
constitutive heterochromatic state. 

While the possibility that the mammalian centromeres 
are governed by an analogous mechanism exists, it has not 
been addressed fully. As in the fission yeast, the constitu- 
tive heterochromatin state of the mammalian CT and PCT 
regions is specified and maintained by epigenetic mechan- 
isms that constitute particular structural proteins (i.e. 
HP1) and distinct sets of histone tail modification (i.e. 
H3K9Me3 and H4K20Me3). Several chromatin modifiers, 
such as SUV39M/2 (8,9), KDM2A (10) and Np95 
(11-13), appear to be important for the regulation of 
CT/PCT transcription and structural stability. The key 
component of the RNAi pathway, Dicer, has also been 
implicated in the generation of small homologous 
dsRNA and mediating heterochromatin formation 
(6,14-16). Moreover, in line with a post-transcriptional 
mode of regulation, possible involvement of factors such 
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as Vigilin and ADAR1 was previous documented (17,18). 
Therefore, despite the large differences among eukaryotic 
species in the centromeric DNA sequence and the struc- 
tural organization of heterochromatin, the mechanism of 
its silencing may be highly conserved. 

WDHD1 is an acidic nucleoplasm^ DNA-binding 
protein that contains an amino-terminal WD40 domain 
and a carboxyl-terminal HMG-box motif (19). While 
recent reports have preliminarily linked human WDHD1 
to S phase transaction and DNA damage response 
(20-23), much is not understood about the mammalian 
counterpart. Major clues about the function of this 
protein were derived mostly from previous functional 
studies on the yeast orthologs, Mcll and Ctf4, which 
have been regarded as DNA polymerase a accessory 
factors (24-26). Importantly, a role of Mcll/Ctf4 in 
chromosome duplication and segregation was previously 
documented (26-31). Their functions in this regard are 
potentially exerted through the establishment of 
sister-chromatid cohesion and centromeric integrity. 
However, the molecular mechanism underlying the centro- 
meric roles of Mcll as well as the functional link between 
human WDHD1 and centromeric silencing have not been 
substantiated. Conversely, despite extensive studies on dis- 
secting the organization and regulation of yeast centro- 
meric heterochromatin domains, the molecular pathway 
through which mammalian cells establish identity of this 
essential chromosomal element has not been fully 
explored. 

In this study, we characterized WDHD1 as an integral 
centromeric heterochromatin-associated protein, and 
showed that WDHD1 plays a crucial role in CT/PCT 
silencing and associated heterochromatin stability. Our 
results further revealed that WDHD1 provides a funda- 
mental function in generating the small RNA encoded by 
the satellite repeats, which may be linked to the 
Dicer-dependent, post-transcriptional RNA processing. 
Consequently, WDHD1 is required to sustain centromere 
integrity and mitotic fitness. 

MATERIALS AND METHODS 

Cell culture and transfection 

HeLa, 293T and NIH-3T3 cells were grown as a mono- 
layer in Dulbecco's modified Eagle's medium supple- 
mented with 10% fetal bovine serum (HeLa and 293T) 
or bovine calf serum (for NIH-3T3), and lOOU/ml peni- 
cillin and streptomycin, in a 5% C0 2 humidified incubator 
at 37°C. Cells were transfected using Lipofectamine 
2000 or Lipofectamine RNAiMAX (Invitrogen/Life 
Technologies, Carlsbad, CA, USA) according to the 
manufacturer's instructions. Transient transfection was 
done for 48-54 h prior to cell harvest, unless otherwise 
noted. 

Cell cycle analysis and inhibitor treatment 

Visualization of DNA replication sites by BrdU incorpor- 
ation was done based on a previous report (32). Gi/S 
junction synchronization of NIH-3T3 was performed as 
previously described (33). Briefly, NIH-3T3 cells were 



plated at low density and serum starved. After 48 h, cells 
were stimulated with normal growth medium containing 
1 ug/ml aphidicolin (Sigma). After 16-18 h, cells were 
washed to remove aphidicolin, cultured in growth 
medium, and harvested at the indicated time points. 
Removal of soluble protein pools was achieved by extrac- 
tion methods established elsewhere (8,34). Cells grown on 
coverslips were washed first with cytoskeleton (CSK) 
buffer (10 mM PIPES-KOH pH 7.0, 100 mM NaCl, 
300 mM sucrose, 3mM MgCl 2 ), then incubated with 
CSK buffer supplemented with 0.2% Triton X-100 for 
2min on ice. For RNase A treatment, cells were 
pre-treated with 0.4% Triton X-100 for 30 s on ice to 
remove soluble proteins, followed by incubation with 
RNase A (1 mg/ml in PBS) for 3 min at room temperature. 
To inhibit RNA Pol II activity, NIH-3T3 cells at the d/S 
junction were treated with 100 uM DRB for 2h. For all 
the treatment experiments described above, cells were 
washed upon completion, fixed, and subjected to immuno- 
fluorescence analysis. Determination of the proliferation 
status of cell culture was done using BrdU Cell 
Proliferation Assay Kit (Chemicon; Billerica, MA, USA) 
based on the manufacturer's instructions. 

RNAi-mediated gene expression knockdown 

NIH-3T3 cells were transfected with siRNAs with 
Lipofectamine RNAiMAX (Invitrogen) and harvested at 
48 h after transfection. Twenty-five-nucleotide siRNA 
duplexes were designed to target the indicated mRNA, 
sequences of which are shown in the Supplementary 
Table. 

Antibodies and reagents 

Anti-WDHDl antibody was raised in rabbit using a 
recombinant protein corresponding to amino acids 
600-1123 of WDHD1, followed by antigen-specific purifi- 
cation. Mouse monoclonal antibody against HP la and 
rabbit polyclonal antisera against H4K20me3, 
H3K27mel, AcH4 were obtained from Millipore 
(Temecula, CA, USA). Anti-CAFl and anti- Vigilin goat 
polyclonal antibodies and mouse monoclonal antibodies 
against PCNA (PC 10), ADAR1 and RNA Pol II 
(CTD4H8) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Rabbit antisera 
against Dicer and Drosha were from Bethyl 
Laboratories (Montgomery, TX, USA). An anti-Dicer 
monoclonal antibody (13D6) was from Abeam 
(Cambridge, MA, USA). Anti-phospho-histone H3 
(SerlO; 6G3) monoclonal antibody was obtained from 
Cell Signaling Technology (Danvers, MA, USA). 
Monoclonal antibody against BrdU (BU33) was from 
Sigma (St Louis, MO, USA). Anti-DNA polymerase 8 
pi 25 (catalytic subunit) was purchased from MBL 
(lapan). Secondary antibodies used in the western blot 
assays were from Vector Laboratories (Burlingame, CA, 
USA), whereas those used in immunofluorescence analysis 
were obtained from Invitrogen. All chemicals were 
purchased from Sigma, except where otherwise indicated. 
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Indirect immunofluorescence and confocal microscopy 

Immunofluorescence was modified from previously 
described methods (32). Cells seeded on slides were fixed 
in 2% formaldehyde solution and subsequently 
permeabilized with 0.5% Triton X-100 at room tempera- 
ture. Cells were then blocked in blocking buffer (1% BSA 
in PBS) and probed with the indicated primary antibodies 
and species-specific secondary antibodies (Alexa 488- or 
594-conjugated anti-mouse or anti-rabbit IgG). DNA or 
cell nuclei were counter-stained with DAPI (Sigma); 
F-actin was stained with phalloidin; condensed mitotic 
chromosomes were marked by the anti-phospho-H3 
antibody. Images were captured on a Zeiss LSM 510 
Meta confocal laser-scanning microscope (Carl-Zeiss, 
Feldbach, Switzerland), using a 63x/NA 1.4 oil immer- 
sion objective lens. Image overlays were colored by 
computer-assisted management of confocal microscopy 
data generated with Zeiss LSM 510 Image Browser 
software. 

Cell lysate preparation 

Cells were harvested and washed twice in PBS. Whole cell 
extracts were prepared using WCE buffer (20 mM 
HEPES, pH 7.4, 0.2 M NaCl, 0.5% Triton X-100, 5% 
glycerol, ImM EDTA, 1 mM EGTA, lOmM 
(^-glycerophosphate, 2 mM Na 3 V0 4 , 1 mM NaF, 1 mM 
DTT, cocktail protease inhibitor). For preparation of 
nuclear extracts, cell pellets were resuspended in 1 ml of 
lysis buffer (10 mM Tris-HCl pH 7.4, lOmM NaCl, 3mM 
MgCl 2 , 0.5% NP-40 and cocktail protease inhibitor) 
per 10 7 cells. After 10 -min incubation on ice, nuclei 
were collected by centrifugation (500g, 5 min) and 
washed with lysis buffer devoid of NP-40. After centrifu- 
gation, the pellet was resuspended in 100 ul nuclei lysis 
buffer (lOmM Tris-HCl pH 7.4, 400mM NaCl, ImM 
EDTA, 1 mM DTT and cocktail protease inhibitor), 
mixed thoroughly for 15 min at 4°C. The nuclei lysates 
were diluted 10-fold in WCE buffer and centrifuged 
(16000g, 20 min, 4°C) to obtain the nuclear fraction. 
Lysates were boiled in 2x urea sample buffer dye 
(100 mM Tris-HCl, pH 6.8, 4% SDS, 0.2% bromophenol 
blue, 20% glycerol, 200 mM (3-mercaptoethanol, 8M 
urea), and then fractionated by SDS-PAGE. 

Western blot analysis and immunoprecipitation 

Western blot analysis was performed after electrophoretic 
separation of polypeptides by 7.5 or 12.5% SDS-PAGE 
and transfer to Immobilon-P/PVDF membrane 
(Millipore). Blots were probed with the indicated 
primary and appropriate secondary antibodies. Immuno- 
bands were subsequently detected by the enhanced chemi- 
luminescence reaction (ECL) (PerkinElmer; Waltham, 
MA, USA). All immunoprecipitations were performed 
with equal amounts of cell extract protein (1 mg) 
incubated with the indicated antibodies (2.5 ug) at 4°C 
for 2h with rotation. The immunocomplexes were 
captured with protein G-sepharose (30 ul) (Millipore) for 
2h at 4°C with rotation. The protein G-antigen-antibody 
complexes were washed four times with the WCE buffer, 



and boiled in 2x urea sample buffer dye for subsequent 
PAGE and immunoblotting analysis as described above. 
To examine the RNase sensitivity of the co-precipitation, 
293T cell extracts were first treated with or without 
0.5mg/ml of RNase A at 37°C for 30 min prior to 
immunoprecipitation. 

Chromatin immunopricipitation 

Chromatin immunopricipitation (ChIP) experiments were 
done essentially as described before (35,36). Crosslinked, 
sonicated chromatin was precleared before being 
incubated with 2.5 ug of the indicated antibodies and 
rotated at 4°C overnight. Normal mouse and/or rabbit 
IgG (Millipore) was used for the mock immunopre- 
cipitation. After extensive washes, immunocomplexes 
were treated with Proteinase K and decrosslinked. 
Bound DNA in the ChIP, as well as input DNA (1/10 
fragmented chromatin), was extracted, purified, and sub- 
jected to PCR analysis using primers corresponding to the 
satellite regions (37) as shown in the Supplementary Table. 
After amplification, PCR products were run on a 1.5% 
agarose gel with ethidium bromide staining, analyzed 
under UV light, and presented in inversed intensity. 
Signals taken by snapshots were quantified by ImageJ 
software. In some experiments, bound DNA was sub- 
jected to quantitative real-time PCR analysis. For the se- 
quential ChIP assay, immunocomplexes from the first 
round were recovered by an elution solution (0.1% SDS, 
0.5 M NaCl and 25 mM DTT in TE buffer) and diluted 
10 x by binding buffer, prior to a second round of ChIP 
using the Dicer antibody. 

Real-time PCR 

DNA samples from ChIP preparations were quantified by 
real-time PCR using the Bio-Rad iQ5 Gradient Real Time 
PCR system. All reactions were performed using the 2x 
SYBR Green Master mix (Bio-Rad, USA), Primer se- 
quences for amplifying the satellite regions are the same 
as above. Results were corrected for nonspecific binding to 
IgG/beads and presented as percentage of input DNA. 
Triplicate PCRs for each sample were carried out. 

RNA isolation and reverse transcription-PCR 

Total RNA from NIH-3T3 mouse fibroblasts was isolated 
using the TRIzol reagent (Invitrogen) according to the 
manufacturer's instructions. Genomic DNA was 
removed by digestion with 2U of DNase I (Ambion; 
Foster City, CA, USA). cDNA were synthesized using 
random hexamers and Superscript II reverse transcriptase 
(Invitrogen), and amplified by PCR. The primers used in 
PCR analyses were based on previous reporter (9) and 
listed in the Supplementary Table. The PCR products 
were resolved on 1% agarose gels and stained with 
ethidium bromide. 

Northern blot analysis 

To enrich for the small RNA fraction with sizes of 
<200nt, a mirVana RNA isolation kit (Ambion) was 
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used according to the manufacturer's instructions. For 
northern blot analysis, 50 ug of total RNA (Figure 3C) 
or 25 ug of the small RNA fraction (Figure 3D) was 
separated, respectively, on 8 or 12% polyacrylamide/8 M 
urea denaturing gels and transferred to GeneScreen Plus 
membranes (PerkinElmer). The oligonucleotides used to 
probe for satellite repeats (major: mixture of Maj23 and 
Majl2; minor: mixture of Mini, Min2 and Min3) and U6 
snRNA were designed based on a previous report (16) and 
are listed in the Supplementary Table. Oligonucleotide 
probes were 5'-end-labeled with [y- 32 P] ATP using T4 
polynucleotide kinase (New England Biolabs; Ipswich, 
MA, USA). Prehybridization of the filters was carried 
out in 6x SSC, 0.2% SDS, 5x Denhardt's solution and 
20mg/ml sheared, denatured salmon sperm DNA. 
Hybridizations were performed in the same solution at 
42°C, with addition of the denatured, labeled probes. 
After hybridization, the blots were subjected to stringent 
washes with 6x SSC, 0.2% SDS at 42°C twice for lOmin, 
and subsequently autoradiography. 

RNA fluorescence in situ hybridization 

RNA fluorescence in situ hybridization (FISH) was per- 
formed essentially as described previously (38), except 
with 3'-end Dig-labeled major satellite oligonucleotide 
probe in the hybridization step. Probe detection was 
carried out as follows. The slides were blocked with 3% 
BSA in 0.1 M Tris-HCl, pH 7.4, 0.15M NaCl, 0.05% 
Tween-20 (TNT) at room temperature for 20min and 
then incubated with sheep anti-Dig antibody (1:500, 
Roche) diluted with the blocking reagent for 3h. 
Unbound antibodies were removed by washing six times 
in TNT. The slides were incubated with 
Alexa594-conjugated donkey anti-sheep IgG antibody 
(1:500, Invitrogen) for 2h and then washed six times in 
TNT. After washing, the slides were coverslipped with 
Vectashield (Vector Laboratories) containing DAPI. 
Images were taken with a Zeiss LSM 510 microscope as 
described above. Sequence of the major satellite is: 5'-ATC 
ACGGAAAATGAGAAATACACACTTTAGGACGT 
GAAATATGGCGAGGAAAACTGAAAAAGGTGGA 
AAATTTAGAAATGTCCACTGTAGGACGTGGAAT 
ATGGCAAGA-3' . 

Nuclease accessibility assay 

Nuclei of the control or knockdown NIH-3T3 cells were 
isolated using Nuclei PURE Prep Nuclei Isolation Kit 
(Sigma). To perform the Micrococcal nuclease (MNase) 
digestion, 2 x 10 5 nuclei were incubated in digestion buffer 
with 0, 0.6, 1.2, 2.4 and 4.8 U of MNase for 5min at room 
temperature. For DNA purification, the samples were 
removed of protein by Proteinase K treatment and then 
extracted with phenol/chloroform/IAA (25:24:1). Upon 
ethanol precipitation, the DNA was resuspended and 
treated with RNase A. Digested DNA was eletrophoresed 
on a 1% agarose gel, transferred onto a Biodyne 
membrane (Pall Life Sciences, Ann Arbor, MI, USA) 
with the Pressure Blotter (Stratagene, La Jolla, CA, 
USA), and then crosslinked with UV light. To generate 
detecting probes for the Southern blot analysis, amplified 



DNA fragments corresponding the minor satellite (162 nt) 
or major satellite (308 nt) sequences were 5'-end labeled 
with [y- 32 P] ATP using T4 polynucleotide kinase (NEB). 
Prehybridization of the membrances was carried out in 6x 
SSC, 5 % SDS, lOx Denhardt's solution and 20mg/ml 
denatured salmon sperm DNA at 42°C. Hybridizations 
were performed in the same solution at 42° C, with 
addition of the denatured, labeled probes. After hybrid- 
ization, the membranes were washed at low stringency in 
2x SSC, 0.1% SDS at room temperature twice for lOmin 
and then at high stringency in O.lx SSC, 0.1% SDS at 
42°C twice for lOmin, before being subjected to 
autoradiography. 

Methylation-sensitive restriction analysis 

Methylation-sensitive restriction analysis was carried out 
as previously described (39). Genomic DNA was isolated 
using QIAamp DNA Mini Kit (QIAGEN; Hilden 
Germany). To examine the global methylation at 
pericentromeric and centromeric regions, genomic DNA 
was digested overnight with Hpa II, a methyl-sensitive 
restriction enzyme (NEB) using 100 units of enzyme per 
10 ug DNA. As control of digestion, another set of 
samples was digested with Msp I, a methyl-sensitive re- 
striction enzyme that recognizes the same target sequence 
as Hpa II. An additional 20 units of enzyme was added the 
next morning to each sample to ensure complete digestion. 
For Southern blot analysis, 10 ug of purified DNA was 
separated on 1% agarose gel, transferred to Biodyne 
membrane, crosslinked with UV light and hybridized as 
described above. Primers for generating the mitochondria 
DNA probe are listed in the Supplementary Table. 

Nuclear run-on assay 

The nuclear run-on assay was carried out largely as 
described previously (40), with some modifications. We 
used Digitonin (40ug/ml; Sigma) in place of NP-40 to 
permeabilize NIH-3T3 cells. Cells were washed twice 
with ice-cold lx PBS and removed from the culture 
plate using a cell scraper in 1ml of lx PBS per 10-cm 
dish and collected by centrifugation (500g, 5min). Cell 
pellets were resuspended in 1ml of lysis buffer (10 mM 
Tris-HCl, pH 7.4, lOmM NaCl, 3mM MgCl ? , 40ug/ml 
Digitonin) per 10 7 cells. After 10-min incubation on ice, 
nuclei were then collected by centrifugation (500g, 5 min) 
and washed with lysis buffer devoid of Digitonin. To 
perform run-on reactions, aliquots of nuclei were mixed 
with 100 ul of 2x reaction buffer (20 mM Tris-HCl 
pH 8.0, 5mM MgCl 2 , 200 mM KC1, 4mM dithiothreitol, 
1 mM each of ATP, CTP and GTP, 200 mM sucrose and 
20% glycerol) and biotin-16-UTP (Roche) in a final 
volume of 200 ul at 29°C for 30 min. A total of 60 U of 
RNase-free DNasel (Fermentas; Burlington, Ontario, 
Canada) and 6ul 250 mM CaCL were added, and the 
reaction mixture was incubated for an additional 10 min 
at 37°C. The nuclear run-on RNA and total RNA were 
then digested with DNase I (Ambion) to further remove 
contaminating genomic DNA. Biotinylated RNA was 
purified by Dynabeads M-280 (Invitrogen), a magnetic 
bead covalently linked to streptavidin. Dynabeads 
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resuspended in binding buffer (lOmM Tris-HCl, pH 7.5, 
1 mM EDTA and 2 M NaCl) were mixed to an equal 
volume of run-on RNA and subjected a 2-h incubation 
at room temperature. Beads were separated by the 
magnetic apparatus and washed once with 500 p.1 2x 
SSC-15% formamide for lOmin and twice with 1ml 2 x 
SSC for 5 min each. Random hexamer-primed cDNA was 
synthesized using 10 |il biotinylated RNA and 500 ng total 
RNA, and subsequently subjected to semi-quantitative 
PCR to assay for major and minor satellite RNA tran- 
scription rate. PCR was performed as described above. 
PCR products were resolved by agarose gels and 
quantified with the ImageJ software. To ensure the effi- 
ciency of the reverse transcription, the intensities of PCR 
products were normalized to those of U5 snRNA (primers 
are listed in the Supplementary Table). 

RNA pull-down assay 

For in vitro synthesis of biotinylated transcripts corres- 
ponding to approximately one unit of the major and 
minor satellite repeats, templates were first generated by 
PCR reactions using chimeric oligonucleotide primers that 
encompass T7 RNA polymerase promoter sequence 
(Supplementary Table). Templates corresponding to 
partial 18S rRNA sequence that are of equivalent 
lengths to the minor and major satellite repeats (162 and 
300 bp, respectively) were used as control. In order to syn- 

TM TM 

thesize biotinylated transcripts, AmpliScribe T7-Flash 
Biotin-RNA Transcription Kit (EPICENTRE; Madison, 
WI, USA) was then used according to the manufacturer's 
instructions. N1H-3T3 nuclear extracts were prepared as 
described above. To remove endogenous WDHD1, 
immunodepletion was performed with 2.5 mg of total 
nuclei extracts. The supernatants were incubated with 
2.5 Lig primary antibody for 3h with gentle agitation and 
subsequently with the addition of protein G-agarose beads 
(Millipore) for additional 1 h. The supernatants were sub- 
jected to a second round of depletion by the same proced- 
ure. Control depletions were performed using pre-immune 
rabbit IgG. All steps of the pull-down assay were per- 
formed at 4°C. Nuclei extracts were precleared with 
12.5 ul streptavidin Sepharose (GE Healthcare; 
Piscataway, NJ, USA), in the presence of SUPERase*In 
(0.05 U/ml) (Ambion) and yeast tRNA (25 |ig/ml) (Sigma), 
for 1 h with rotation. After centrifugation, 2 (ig of in vitro 
transcribed biotinylated RNA was added to the super- 
natant and the mixture was further incubated for 1 h. 
The protein-biotinylated RNA complexes were recovered 
by addition of 30 liI streptavidin Sepharose (1 h incubation 
with rotation), and the bound complexes were washed 
four times with WCE buffer and subsequently analyzed 
by 7.5% SDS-PAGE and western blot. 

RNA immunoprecipitation 

RNA immunoprecipitation was performed essentially as 
described for ChIP except with some modifications. In 
brief, cells were fixed in 1% formaldehyde for 10 min at 
room temperature, washed twice with ice-cold lx PBS, 
and then collected from the culture plate. Nuclei were 
isolated based on the above procedure and subsequently 



resuspended in 100 ul nuclei lysis buffer (10 mM Tris-HCl 
pH 7.4, 400 mM NaCl, ImM EDTA, 1 mM DTT and 
proteinase inhibitor cocktails) containing RNase inhibitor 
(125U/100uI of SuperRNAsin; Ambion). The nuclear 
lysates were diluted 10-fold in WCE buffer, and 
centrifuged (12 000g, 15 min, 4°C) to obtain the nuclear 
fraction. Immunoprecipitation was performed by adding 
the WDHD1 or Dicer antibody to the precleared nuclear 
extracts and incubating at 4°C overnight. Magnetic 
protein-G beads (Invitrogen) were added to each IP 
sample and rotated for 1 h at 4°C. The beads were 
pelleted and washed twice with 0.5 ml of WCE buffer 
and another two times with WCE buffer adjusted to 
300 mM NaCl, and subsequently resuspended in 100 (il 
of de-crosslink buffer containing lOmM Tris-HCl 
pH 7.4, 400mM NaCl and incubated at 65°C for 2h. 
Then, 10 U of DNase I (Fermentas) and lOx reaction 
buffer was added and incubated at 37°C for 15 min to 
remove all contaminating DNA. The elute fraction was 
treated with Proteinase K, extracted with phenol/chloro- 
form, and precipitated by ethanol. The immunopre- 
cipitated RNA was dot-blotted onto a nitrocellulose 
membrane as described previously (41) and hybridized it 
with oligonucleotide probes corresponding to satellite 
repeats as described above in the 'northern blot' section. 

RESULTS 

Distinct focal localization of WDHD1 during 
mid-to-late S phase 

To begin investigating the biological function of WDHD1, 
we first performed indirect immunofluorescence analysis 
to examine its cellular localization in cycling HeLa cells. 
Consistent with previous observations, WDHD1 localized 
to the nucleus (Figure 1A, left panel). Interestingly, in a 
sub-population of cells, WDHD1 displayed a unique, 
punctate staining (indicated by arrowheads). These cells 
corresponded to those actively undergoing DNA replica- 
tion, as indicated by BrdU incorporation (Figure 1A, 
middle panel). Furthermore, confocal images revealed a 
partial overlap between WDHD1 and BrdU staining 
signals (Figure 1A, right panel, arrowheads). A detailed 
breakdown of the S-phase cells (Figure IB), based on the 
distribution of DNA replication sites, further pinpointed 
the distinct punctate appearance temporally at the 
mid-to-late stage of S phase (Figure IB, c-e). 

We further characterized the dynamics of WDHD1 lo- 
calization in mouse NIH-3T3 cells selectively during S 
phase, after synchronization at Gi/S junction and release 
into S phase (Figure 1C). In the early S-phase cells, we 
observed a small punctate distribution of WDHD1 char- 
acteristic of euchromatin structure and a partial, albeit 
limited, overlap between these signals with the BrdU in- 
corporation sites (Figure 1C, a and b, g and h). More 
importantly, we were able to observe a similarly cell 
cycle-dependent focal staining pattern for WDHD1, time 
window of which was also refined to the mid-to-late stage 
of S phase (Figure 1C, c-e), as in HeLa cells. Interestingly, 
the S phase-associated focal appearance was much more 
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Figure 1. Dynamic patterns of WDHD1 subnuclear localization during S phase. (A) HeLa cells were grown on coverslips, pulse-labeled with BrdU 
(for marking cells in S phase) before being fixed, and subjected to immunostaining. Left, WDHD1; middle, BrdU; right, merged image (WDHD1, 
green; BrdU, red). Individual and merged images were captured by laser scanning confocal microscope and single sections are shown (scale bar is 
10 um). Arrowheads mark cells with punctate staining patterns of WDHD1. (B) Distinct focal localization of WDHD1 (green) and its partial 
colocalization (see merge) with BrdU (red) in S-phase cells. Immunostaining and laser confocal microscopy were performed as in (A). Cells in 
the indicated sub-stages of S phase (early, mid, or late) were distinguished on the basis of the BrdU incorporation patterns (a-f). (C) Cell-cycle 
localization of WDHD1 during S phase by immunofluorescence microscopy. NIH-3T3 cells were synchronized at Gi/S junction and released into 
S (a-f). Before being fixed at the indicated post-release time points, cells were pulse-labeled with BrdU (15min) for visualizing DNA replication site. 
S phase progression was also analyzed based on DNA content by flow cytometry (shown on the bottom). Images of early S-phase cells subjected to 
a shorter pulse of BrdU labeling (8 min) are shown for a more defined representation of early replication site (g and h, 'shorter BrdU pulse'). 
(D) NIH-3T3 cells were briefly treated to remove the soluble pool of proteins, fixed, and subsequently stained to reveal WDHD1 and pericentric 
heterochromatin (DAPI). Confocal microscopy was done as above (scale bar is 10 um). (E) Distinct patterns of WDHD1 localization at centromeric 
foci. NIH-3T3 cells in S phase were collected as in (C), and subjected to indirect immunofluorescence analysis. Three types of WDHD1 subnuclear 
localization pattern can be readily distinguished, based on staining signals relative to the DAPI foci: non-chromocenter, horse-shoe and sphere. 
Representative immunostaining images for the latter two types are shown. The merged images ('merge') and the schematic cartoon figure illustrate 
the relative positions of WDHD1 ('WDHD1', green) and the centromeric heterochromatin in nucleus ('DAPI', blue, but pseudo-color red in the 
merged images). The insets represent enlarged images denoted by arrows. The histograms on the right represents the local intensity distribution 
(diagonal white lines through the images) of WDHD1 in green and DAPI in red. Graph on the bottom shows quantification of cells with the 
indicated distinct focal patterns of WDHD1 staining at centromeres at 2, 3 and 4h after release into S phase. One hundred percent represents total 
number of cells (n = 200) and percentages given are averages of three independent experiments. (F) WDHD1 occupancy of centromeric repeat 
regions. ChIP assays were performed on crosslinked chromatin from NIH-3T3 cells using antibodies specific for WDHD1 or control rabbit 
antibodies (IgG). Products of final PCR analysis using primers specific to major satellite repeat DNA sequence are resolved in agarose gel. 



distinct in this cell line, and colocalized to a large extent 
with the DAPI spots (Figure ID and E). Such distinctive 
nuclear staining pattern by DAPI corresponds to the 
densely packed chromatin structure contiguous with the 
chromosomal centromeres, called pericentric heterochro- 
matin. Thus, we next wanted to determine if the punctate 
pattern of WDHD1 indeed reflects heterochromatin asso- 
ciation. Upon removal of soluble WDHD1 pool by triton 
extraction, immunofluorescence analysis revealed that the 
focal distribution of WDHD1 and its overlap with DAPI 
signals remained (Figure ID), consistent with the inaccess- 
ible nature of the WDHD1 -associated structure. Notably, 
mid-to-late S-phase culture exhibited an enrichment for 



cells with two discrete types of focal staining (Figure IE, 
confocal images on the top and quantitative results on the 
bottom). One is reminiscent of the 'horse-shoe' replication 
foci that is also shared by PCNA and CAF-1. The other 
represents a more 'sphere 1 distribution characteristic of 
structural proteins such as HP1 (42). Additionally, as a 
more direct means to probe its possible centromere asso- 
ciation, we performed ChIP assay and verified WDHDl's 
binding to the major satellite and minor satellite repeat 
regions (Figure IF and data not shown). Based on these 
results, we conclude that WDHD1 is enriched transiently 
in nuclear spots on centromeric chromatin during the 
second half of S phase, which may coincide with molecular 
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Figure 2. Characterization of the molecular determinants underlying WDHDl's centromeric localization. (A) WDHDI was isolated from NIH-3T3 
cell lysates by immunoprecipitation (IP) using a-WDHDl antibody. Western blot analysis was subsequently performed with antibodies against 
selected components of the DNA replication and RNA transcription complexes, as indicated. IgG refers to control rabbit or mouse Ab IP using 
whole cell lysates derived from the same cells. Input equals 1/10 of IP. (B and C) Indirect immunofluorescence analysis was performed to observe 
localization of endogenous WDHDI (red) and HPla (green) in the inhibitor-treated NIH-3T3 cells. (B) Before immunostaining, cells arrested at the 
G^S junction were released in the presence of 100 uM DRB for 2 h to inhibit Pol II activity (+DRB) or in its absence (— DRB) and subsequently 
pulse-labeled with BrdU. Nuclear DNA was stained by DAPI (blue). Images were captured by laser scanning confocal microscopy and single sections 
are shown (scale bar is 10 um). (C) NIH-3T3 cells grown on coverslips were first permeablized, and subsequently mock- (— ) or RNase A- (+) treated 
before fixation. Immunostaining were performed with antibodies specific for WDHDI (red) and HPloc (green). Nuclear DNA was stained by DAPI 
(blue). Confocal microscopy was done as above (scale bar is 10 urn). Removal of RNA was monitored by gel electrophoresis of total RNA extracted 
from the cells, as shown by the EtBr staining image (right). 



events at this heterochromain domain, such as DNA 
replication. 

Centromeric association of WDHDI is RNA-independent 
but requires ongoing RNA transcription 

Having established the spatiotemporal patterns of 
WDHDI nuclear localization, we next aimed to further 
explore the molecular basis of such attribute. Towards 
this end, we first performed selective profiling of 
WDHDl's associated proteins in the NIH-3T3 cell 
nucleus (Figure 2A). Immunoprecipitation assays 
revealed that, in contrast to the previous findings, our 
WDHDI specific antibodies did not co-precipitate DNA 
polymerase 8. Architectural components of pericentric 
replication foci, PCNA, CAF-1 and HP la, also were not 
present in the WDHDI immunoprecipitates. Conversely, 
we were able to detect association of RNA Pol II as well as 
known post-transcriptional regulators of the CT/PCT, 
such as ADAR and Vigilin, with WDHDI. These 
findings collectively raised the possibility that the distinct 
overlap of WDHDI with PCT replication foci may 
actually be coupled with transcriptional and/or 
post-transcriptional events taking place in the vicinity. 
In line with such notion, we observed that inhibition of 
Pol II transcription by DRB treatment in a mid-late S 
phase population of cells resulted in the disappearance 
of WDHDI staining at pericentric heterochromatin 
domains in the vast majority of cells (Figure 2B), thus 
suggesting that such localization requires ongoing RNA 
transcription. However, this change in staining did not 
result from a loss of RNA, as RNase-treated cells 
retained significant WDHDI focal signals (Figure 2C). 
Incidentally, colocalization was evident between the 
RNase-resistant WDHDI foci and signals corresponding 
to the RNase-insensitive, replication-specific HP la 



pool (42) (Figure 2C), again affirming the spatiotemporal 
mode of WDHDI pericentromere recruitment. Given 
that transcription of the satellite repeats underlies the 
establishment of replicated CT/PCT heterochromatin, 
our results may support a link between WDHDI and 
the regulation of satellite repeats-encoded RNA expres- 
sion in cells. 

Abrogation of WDHDI expression alters the post- 
transcriptional processing of the centromere-encoded 
RNA transcripts 

We further investigated if WDHDI could contribute to 
the transcriptional regulation of the repetitive sequences 
within the CT/PCT regions. For that purpose, we 
analyzed the expression levels of major- and minor- 
satellite transcripts in control and WDHDI -depleted 
NIH-3T3 cells, using semi-quantitative reverse transcrip- 
tion (RT)-PCR on total RNA. The results revealed a sub- 
stantial increase in the transcript levels of both the major 
and minor satellite repeats in the WDHDI knockdown 
cells compared to control cells (Figure 3A), suggesting a 
repressive role for WDHDI in the expression of centro- 
meric RNA. Given the altered transcript abundance 
observed following WDHDI knockdown and WDHDl's 
association with RNA Pol II (Figure 2A), we next sought 
to characterize the involvement of WDHDI in regulating 
the transcription efficiency of the CT and PCT repeats. 
We conducted nuclear run-on assay, in which intact 
nuclei isolated from control and WDHDI -RNAi cells 
were pulsed with biotin-16-UTP. Upon run-on reaction, 
newly synthesized biotin-labeled RNA transcripts and 
total RNA were subjected to semi-quantitative RT-PCR 
assay to measure changes in the transcription activity of 
major and minor repeats. As shown in Figure 3B, while 
WDHDI depletion led to a consistent increase in the 
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Figure 3. Roles of WDHD1 in the expression of centromeric repeat non-coding RNA. (A) Expression levels of centromeric non-coding RNA 
spanning major and minor satellite repeats was examined by RT-PCR analysis of RNA isolated from control (ctrl) or WDHD1 knockdown 
NIH-3T3 cells. Total RNA samples were treated with DNase I prior to reverse transcription. '— ' denotes RT-minus reactions in which no 
reverse transcriptase was added. Expression levels of the housekeeping gene GAPDH, and WDHD1 are also shown. (B) Effect of WDHD1 
knockdown on the transcription rates of minor and major satellite repeat region, as indicated. Nuclear run-on assays were performed to monitor 
newly transcribed centromeric RNA from nuclei of control (ctrl) and WDHD1 knockdown NIH-3T3 cells. U5 snRNA, which remained unchanged 
in both cell types, was used to demonstrate uniformity of input RNA. '-' denotes RT-minus reactions in which no reverse transcriptase was added. 
Quantitative results are shown by bar graph below, and represent the mean ± SD of three independent experiments. For statistical significance of 
quantitative comparisons, calculations were done by (*P<0.01; NS, / > >0.05). (C) NIH-3T3 cells were treated with siRNA targeting the indicated 
genes or control siRNA (ctrl). Degree of knockdown was monitored by western blot analysis as shown on the right. Equal amounts of total RNA 
isolated from these cells were resolved in a denaturing 8% acrylamide gel. The gel was subjected to northern blot analysis using probes specific for 
major satellite repeats. Blot was re-hybridized with a U6 snRNA-complementary probe to demonstrate equal loading (bottom on the left). 
(D) Expression of the homologous small RNA fragments. Total RNA from control (ctrl) or WDHD1 knockdown NIH-3T3 cells was size 
fractionated, and equivalents amounts of small RNA fraction (<200nt) were resolved in a denaturing 12% acrylamide gel (EtBr staining shown 
in the middle). The gel was subjected to northern blot analysis using probes specific for major or minor satellite repeats, as indicated on the bottom. 
Blot was re-hybridized with a U6 snRNA-complementary probe to demonstrate equal loading (bottom). 



steady-state levels of major and minor satellite transcripts 
in the overall RNA pools, we did not detect significant 
differences in the newly synthesized fraction. Therefore, 
these data exclude the possibility that WDHD1 exerts its 
role in centromeric RNA expression through transcrip- 
tional regulation. 

Earlier reports have demonstrated that, in fission yeast 
and higher eukaryotic cells, CT/PCT-encoded transcripts 
exhibit heterogeneous size distribution and are processed 
by a Dicer-dependent RNAi-like mechanism into small 
RNA molecules that are critical for centromere silencing 



and integrity (43). Our current findings thus led us to 
speculate that accumulation of satellite RNA observed 
in WDHD 1 -depleted cells might stem from abnormal pro- 
cessing of these transcripts. To test this hypothesis, total 
RNA was isolated from cells treated with siRNA targeting 
WDHD1, Dicer or post-transcriptional regulators Drosha 
and ADAR1, and resolved in a denaturing acrylamide gel. 
Northern blot analysis using major satellite-specific oligo- 
nucleotide probes was then performed and, in agreement 
with the previous observations, displayed diverse sizes 
of RNA species in the control cells (Figure 3C). 
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Furthermore, in line with its established catalytic role in 
cleavage of centromeric RNA transcripts, Dicer ablation 
caused an enrichment of uncharacteristically larger major 
satellite RNA. Interestingly, RNAi depletion of WDHD1 
altered the transcript sizes in a similar fashion, thus sig- 
nifying a defective post-transcriptional processing. This 
finding is also consistent with the above RT-PCR 
analysis, which demonstrated that transcripts from these 
heterochromatic regions were more abundant in the total 
RNA pool of knockdown cells than in that of the control 
(Figure 3A). In contrast, knockdown of Drosha or 
ADAR1 expression did not trigger discernible changes in 
RNA size distribution, therefore excluding their involve- 
ment in such process. To further ascertain the role of 
WDHD1 in the generation of small RNAs homologous 
to the satellite repeats, we next analyzed small RNA 
species (<200nt) isolated from cells. Based on results of 
the northern blot analysis, expression of the small RNA 
molecules derived from the major and minor satellite 
repeats were reduced to a great extent in the absence of 
WDHD1 (Figure 3D). Knockdown of Dicer also triggered 
a similar small RNA down-regulation (Supplementary 
Figure SI). Finally, RNA-FISH analysis revealed 
normal nuclear punctate distribution of the satellite tran- 
scripts in the absence of WDHD1, indicating that this 
altered transcript processing did not arise from transcript 
mislocalization (Supplementary Figure S2). Taken 
together, our data implicate WDHD1 in the regulation 
of CT/PCT-encoded small RNAs expression, a function 
likely mediated at the post-transcriptional step. 

WDHD1 associates with the centromere-encoded RNA 
transcripts 

Next, to unequivocally elucidate whether WDHD1 is 
directly involved in the processing of centromeric tran- 
scripts, we sought to determine if WDHD1 -centromeric 
RNAs complexes exist. To demonstrate such association, 
we first performed RNA pull-down assays using 
streptavidin-coated beads and in vitro transcribed, 
biotinylated minor and major satellite RNAs, and 
probed for the presence of endogenous WDHD1 in the 
precipitated material. The immunoblotting results 
showed that WDHD1 in nuclear extracts was efficiently 
retained on the major and minor satellite RNA (respect- 
ively, lanes 3 and 5 of Figure 4A). As a control, no asso- 
ciation was observed between WDHD1 and in vitro 18S 
rRNA transcripts (lanes 4 and 6). Furthermore, we also 
detected a specific pull-down of Dicer by the major satel- 
lite RNA (Figure 4B), consistent with its previously 
reported role. Next, to characterize the functional rele- 
vance of the observed WDHD1-RNA association, we 
assessed RNA binding of Dicer in the absence of 
WDHD1. To this end, cell extracts for the pull-down 
assay were first subjected to immunodepletion by the 
control or a WDHD1 -specific antibody. After pull-down 
reactions, precipitates were then probed by immunoblot- 
ting. Interestingly, our results revealed that the amount of 
recovered Dicer was diminished after WDHD1 depletion 
(Figure 4B), implying that a stable association of Dicer 
with centromeric RNA may require WDHD 1 . 



To further validate the association of WDHD 1 with the 
CT and PCT transcripts in cells, we conducted 
anti-WDHDl and anti-Dicer immunoprecipitation 
assays, followed by dot-blot analysis of co-precipitated 
endogenous RNA. Using probes corresponding to major 
or minor satellite sequences, we uncovered specific 
co-precipitation of both minor and major satellite- 
encoded RNA transcripts with WDHD1 and Dicer 
(Figure 4C). Consistent with a functional interaction, en- 
dogenous (Figure 4D) and transiently overexpressed 
(Figure 4E and Supplementary Figure S3) WDHD1 
were also found in association with Dicer. Intriguingly, 
despite the association of these two proteins with centro- 
meric transcripts, their complex formation was independ- 
ent of RNA (Figure 4F). 

Although Dicer is generally regarded as a cytoplasmic 
enzyme, its nuclear localization has been reported previ- 
ously (44-46) and was demonstrated as well by our im- 
munofluorescence analysis (Supplementary Figure S4). 
The WDHD 1 -Dicer association therefore likely occurs in 
the nucleus compartment, a notion further corroborated 
by the ChlP findings that Dicer also associated with the 
centromeric chromatin regions (Figure 4G, left panel) 
and, more importantly, exhibited co-occupancy with 
WDHD1 (Figure 4G, right panel). Together, these data 
provide strong evidence for a post-transcriptional function 
of WDHD 1 in centromeric RNA expression. 

WDHD1 is important for maintaining centromeric 
epigenetic markers 

Because small RNA molecules transcribed from the CT/ 
PCT regions are important for the initiation and mainten- 
ance of repressive chromatin modifications and structure, 
we next aimed to dissect the role of WDHD 1 in regulating 
these physical attributes. We first examined the status 
of HP la on heterochromatin following WDHD1 
knockdown in mouse NIH-3T3 cells. Indirect immuno- 
fluorescence analysis revealed a significant loss of HP la 
nuclear foci in the knockdown versus control cells 
(Figure 5A), suggesting a derealization of this hetero- 
chromatin structural protein. Next, ChlP assays 
followed by PCR using primers spanning the minor 
(Figure 5B) or major (Figure 5C) satellite regions were 
performed to compare the levels of several resident 
histone modifications between control and WDHD1 
RNAi cells. As shown in Figure 5B and C, these regions 
underwent a decline in the repression-associated marks 
(H3K9me3, H4K20me3 and H3K27mel) in response to 
WDHD1 knockdown. Significant reduction in the associ- 
ation of H3K9me3 with pericentric heterochromatin was 
also illustrated by the immuno staining analysis 
(Supplementary Figure S5A). On the contrary, there was 
a coincident increase in the level of acetylated H4, an 
activating mark. We further confirmed that such altered 
centromeric heterochromatin association was not due to 
changes in the overall abundance of these epigenetic 
marks (Supplementary Figure S5B). 

Moreover, as the centromeric regions are rich in 
methylated DNA residues (9), we also investigated 
whether the DNA methylation status of satellite tandem 
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Figure 4. WDHD1 associates with the centromere-encoded RNA transcripts. (A and B) RNA pull-down assay was carried out using biotinylated 
RNA transcripts. (A) In vitro transcribed RNAs corresponding to approximately one repeat of the centromeric major (lane 3) and minor (lane 5) 
satellite sequences were used as the baits. Precipitated proteins were visualized by western blotting using anti-WDHDl antibody. Input represents 
direct loading that equals to 1/25 or 1/50 of the lysate protein used in the pull-down (lanes 1 and 2). Transcripts corresponding to 300 nt (lane 4) and 
162nt (lane 6) of the 18S rRNA sequence serve as controls for the major (lane 3) and minor (lane 5) satellite transcripts, respectively. (B) Dicer 
association with centromeric RNA sequences attenuated upon WDHD1 depletion. Cell lysates were subjected to immunodepletion using control IgG 
or WDHDl-specific antibodies, followed by RNA pull-down assay as in (A). (C) RNA-immunoprecipitation assay was performed using antibodies 
against the indicated proteins (WDHD1 and Dicer). RNA was extracted from the immunoprecipitates and subjected to dot blot analysis using probes 
corresponding to the sequences of the minor (upper) or major (lower) satellite repeats. (D-F) Association of WDHD1 with Dicer. (D) Anti-Dicer 
immunoprecipitates (IP) using extracts (input) prepared from NIH-3T3 (left) or 293T (right) cells were probed with antibodies against WDHD1 (top) 
and Dicer (bottom). (E) 293T cells were transfected with constructs encoding FLAG or FLAG-tagged WDHD1. Immunoprecipitation (IP) of the 
cell lysates was done using FLAG antibodies, and subsequently analyzed by immunoblotting with antibodies against FLAG (top) and Dicer 
(bottom). Extent of overexpression and subcellular localization of the FLAG-WDHD1 protein are shown in the Supplementary Information 
(Supplementary Figure S3). (F) 293T cell lysates were treated with (+) or without (— ) RNase A prior to anti-Dicer immunoprecipiation as 
above. (G) Dicer occupancy of centromeric repeat regions. ChIP assays were performed on crosslinked chromatin from NIH-3T3 cells using 
antibodies specific for Dicer or control rabbit antibodies (IgG) (left panel). Sequential ChIP analysis was done to assess co-occupancy of the 
centromere by both WDHD1 and Dicer (right panel). Products of final PCR analysis using primers specific to major satellite repeat DNA 
sequence are resolved in agarose gel. 



repeats were altered in the absence of WDHD1. 
Equivalent amounts of DNA from the control and 
knockdown cells were digested either with the 
methylation-sensitive enzyme Hpall, or its methylation- 
insensitive isoschizomer Mspl. Southern blot analysis sub- 
sequently demonstrated that the CT and PCT regions of 
genomic DNA from WDHDl-RNAi cells were more 



easily digested by Hpall (Figure 5D and it 
shorter-exposed version in Supplementary Figure S6A), 
suggesting that it was significantly less methylated than 
DNA isolated from the control. In contrast, comparable 
digestion by Mspl (Figure 5D) as well as equivalent 
signals corresponding to the mitochondrial DNA 
(Figure 5D, bottom) verified equal loading of DNA in 
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Figure 5. Loss of heterochromatic features at the centromere in the absence of WDHD1. (A) Representative indirect immunofluorescence of HPla in 
NIH-3T3 cells transfected with control (ctrl) or WDHD1 siRNA. Loss of HPloc was also measured by calculating the percentage of cells stained 
positively for HPloc foci in each cell type (n = 500). Percentages given are averages of three independent experiments. (B and C) Chromatin fragments 
were prepared from control (ctrl) or WDHD1 knockdown cells. ChIP was carried out with control (IgG), H3K9me3, H4K20me3, or H3K27me 
antibody, as denoted. Semi-quantitative determination of the bound minor satellite DNA in the anti-H3K9me3 ChIP is depicted by the gel figure in 
(B). Input chromatin was also loaded and equals to 1/10 of IP. Quantitative determination of the bound major satellite DNA, as assessed by 
quantitative real-time PCR, is shown by bar graphs in (C). Results are expressed as percentages of input chromatin, normalized to control IgG 
samples, and represent the mean ± SD of at least three independent experiments. (D) DNA methylation analysis of genomic DNA derived from 
control (— ) and knockdown (+) cells. Equivalent amounts of DNA were digested with Mspl and Hpall, and subsequently purified and gel separated 
(EtBr staining on the left). Southern blot analysis was next carried out with hybridizing probes corresponding to minor (middle) or major (right) 
satellite sequences. Blot was re-hybridized with a mitochondria DNA probe to demonstrate equal loading (bottom). A shorter-exposed version of the 
blot is shown in the Supplementary Figure S6A. (E) Chromatin structure on the centromeric region was examined in the control (— ) and WDHD1 
knockdown (+) cells based on the Micrococcal nuclease (MNase)-Southern blot analysis. Isolated intact nuclei were treated with 4.8, 2.4, 1.2, 0.6 and 
0 U of MNase. DNA was subsequently purified and separated on an agarose gel (EtBr staining shown in the left panel). In the right panel, the gel 
was blotted and probed with a radiolabeled probe specific for major satellite repeats. 



the digestion reactions and in agarose gel electrophoresis, 
respectively. We further excluded the possibility that such 
DNA methylation alteration may stem from dispropor- 
tionate numbers of replicating cells in the culture by 
showing that both the control and WDHD1 knockdown 
cells exhibited similar levels of DNA replication 
(Supplementary Figure S6B). Therefore, abrogation of 
WDHD1 specifically led to a decrease in the levels of 
DNA methylation at the CT and PCT. 



Heterochromatin structural alteration in the absence of 
WDHD1 

Since the above findings strongly imply that silencing of 
WDHD1 might compromise the heterochromatin struc- 
ture surrounding the CT/PCT regions, we next set out to 
examine the role of WDHD1 on the associated chromatin 
architecture. In this regard, we employed a nuclease acces- 
sibility assay using Micrococcal nuclease (MNase). 
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Equivalent amounts of nuclei isolated from cells harbor- 
ing control and knockdown siRNA were digested with 
increasing amounts of MNase, which cuts chromatin at 
the inter-nucleosomal linker. DNA were then purified 
from these nuclei and detected by Southern blot analysis 
using minor and major satellite-specific probes. Using this 
assay, we detected at equal loading a larger extent of chro- 
matin DNA digestion in the knockdown cells (Figure 5E), 
indicative of a more decompacted chromatin structure 
assembled at these sequences when WDHD1 was 
abrogated. This finding of chromatin structure relaxation, 
together with those for the reduction of the repressive epi- 
genetic marks, is consistent with a reversal of heterochro- 
matin maintenance in the centromeric regions and further 
emphasizes the importance of WDHD1 in this regulatory 
process. 

Down-regulation of WDHD1 leads to cell cycle 
progression deficiencies associated with defective 
centromere 

Next, to address the physiological significance of 
WDHD1 -mediated regulation of centromere integrity, 
we wanted to assess the effects of WDHD1 knockdown 
upon the progression and fidelity of the cell cycle, particu- 
larly in the mitotic phase. Flow cytometry analysis 
demonstrated an accumulation of cells with a DNA 
content of 4 N (representative of G 2 /M phase) in the 
WDHD1 knockdown culture (Figure 6A), implying 
possibly a delay in G 2 and/or mitosis progression. 
Immunofluorescence staining with phospho-H3 
antibody, which demarcates condensed mitotic chromo- 
somes, further revealed that silencing of WDHD1 
resulted in pronounced increase in the occurrence of 
mitotic chromosome bridges (11.5-29%, Figure 6B), indi- 
cative of defects in chromosome segregation. This pheno- 
type was also accompanied by abnormal nuclear 
morphology (marked by arrowheads in Figure 6C), 
characterized by significantly higher incidence of cells 
with multiple nuclei (15.2% in the knockdown cells 
compared to 1.7% in the control). We conclude that 
WDHD1 down-regulation, giving rise to dramatic loss 
of the centromeric small RNA and disruption of the 
associated heterochromatin structure, likely impacts on 
the centromere integrity and kinetochore assembly, and 
consequently faithful chromosome segregation during 
mitosis. 
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Figure 6. Down-regulation of WDHD1 leads to cell cycle progression 
deficiencies attributable to defective centromere. (A) Cell cycle profiles 
of the control (ctrl) and WDHD1 knockdown cells. Mock or 
WDHD1 -knockdown 293T cells were subjected to FACS for measure- 
ment of DNA content. (B) Mitotic fidelity was assessed by scoring 
mitotic cells with chromosome bridges. Condensed mitotic chromo- 
somes were visualized by phospho-histone H3 immunostaining. 
Representative immunofluorescence images are depicted on the left. 
Both anaphase and telophase nuclei are shown, as indicated. Panel 
on the right shows the percentages of mitotic cells with chromosome 
bridges in control (ctrl) versus knockdown cells (n = 250). The results 
represent averages of three independent experiments. (C) Nuclear 
morphology was altered in WDHD 1 -deficient cells. Control (ctrl) and 
knockdown HeLa cells were immunostained for WDHD1, and coun- 
terstained for F-actin (for demarcating cell membrane) and DNA 
(DAPI). Confocal microscopy was done as described before (scale 
bar is 10 urn). Percentages of cells with more than one nuclei 
staining, examples of which are indicated by arrowheads, are shown 
on the bottom (n = 1000) and represent averages of three independent 
experiments. 



DISCUSSION 

Due to the importance of the centromere to the mainten- 
ance and propagation of eukaryotic genetic materials, its 
structural integrity is thought to be under intricate control 
by intercalated mechanisms. To the previously discovered 
effectors in these regulatory networks, we have added a 
new important one. In our present report, a functional 
link of mammalian WDHD1 protein to the centromeric 
silencing process was demonstrated. Our findings also un- 
equivocally revealed some aspects of the molecular mech- 
anism underlying such involvement, which entails 
post-transcriptional processing of CT- and PCT-encoded 



RNA transcript. This mode of action, which resembles the 
transcriptional gene silencing pathway previously docu- 
mented in the fission yeast, may also engage the Dicer 
machinery. To our knowledge, this is the first report of 
a hitherto unrecognized link of an HMG-domain contain- 
ing protein to heterochromatin maintenance. 

Consistent with its significance in maintaining the 
histone code and structural attributes of the centromeric 
heterochromatin (Figure 5), abrogation of WDHD1 ex- 
pression distinctly compromised mitotic fitness of the 
cell cycle (Figure 6). The observed phenotypes are in ac- 
cordance with those previously reported for other 
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centromere-associated epigenetic or structural factors. For 
instance, deficiency in KDM2A and SUV39hl (9,10,47) or 
drug inhibition (48), which abrogates proper expression of 
defining histone marks, was found to affect centromere/ 
kinetochore organization and sister chromatid segrega- 
tion. Intriguingly, one of the cell cycle abnormalities that 
distinctively arose in WDHD1 knockdown HeLa cells was 
the accumulation of multinuclear cells (Figure 6C). Such 
aberrant nuclear morphology is conceived as a hallmark 
of mitotic catastrophe, a cellular response to chromosome 
missegregation and mitotic DNA damage (49). The occur- 
rence of this nuclear aberration, including binucleation 
and multimicronucleation, attests to the critical role of 
WDHD1 in maintaining centromere structure, which 
underlies proper segregation of duplicated chromosomes. 
Furthermore, consistent with a role in the proliferation- 
associated centromeric silencing process, WDHD1 was 
recently shown to exhibit a high expression in the testis 
tissue (50). However, upon further examination of protein 
expression data in the public databases (the Human 
Protein Atlas), no significant enrichment of WDHD1 
was found that particularly correlated with the prolifer- 
ation state or tissue type (Supplementary Tables S2 and 
S3). Comparative profiling of EST sequences in normal 
and tumor tissues (the Cancer Genome Anatomy 
Project) also did not reveal significant differences in 
WDHD1 transcript representation (data not shown). 
Such wide distribution of WDHD1 is therefore in line 
with its potential relevance in fundamental cellular 
processes, such as centromere regulation. 

A role in centromere integrity and chromosome segre- 
gation fidelity has previously been ascribed to the yeast 
homologues of WDHD1 (27,29-31). Several reports 
have preliminarily implied that such role may be 
mediated through a DNA replication-dependent mechan- 
ism (20-23). In this capacity, yWDHDl may act as an 
accessory factor for DNA polymerase or interacts with 
replication factors GINS and/or Tipin to facilitate hetero- 
chromatin DNA synthesis. It is thus a formal possibility 
that WDHD1 travels with the replication machinery as it 
acts on the centromere. Indeed, there was a partial overlap 
in the immuno staining signals of WDHD1 and BrdU, in- 
dicative of a possible spatial association (Figure 1A). 
However, our current findings provide several lines of 
evidence that strongly argues instead for a post- 
transcriptional role of WDHD1 in the regulation of 
centromere identity. First, despite colocalization with the 
BrdU incorporation sites, the temporal change in spatial 
patterns displayed by WDHD1 (horse-shoe versus sphere) 
during mid-to-late S phase is in contrast to the persistent 
localization of replication machinery on the periphery of 
the pericentric heterochromatin foci (51). In addition, 
such focal association occurs subsequently to the accumu- 
lation of CT- and PCT-encoded transcripts, which was 
reported to be at the Gl/S junction (52). Second, the 
focal immunostaining patterns of WDHD1 are sensitive 
to RNA Pol II inhibitor (Figure 2A), suggesting that such 
localization is coordinated with RNA synthesis. Third, the 
alteration in the processing of CT- and PCT-encoded 
transcripts as a consequence of WDHD1 knockdown 
(Figure 3) phenocopies defects previously observed in 



the Dicer - ' - MEF cells. This, together with the observa- 
tion of the WDHD1 -centromeric RNA association 
(Figure 4), clearly implies that this RNA species may be 
the site of WDHDl's post-transcriptional action. Finally, 
results from our co-IP experiments did not reveal associ- 
ation between WDHD1 and DNA replication machinery 
(Figure 2A). In addition, no delay in S phase progression 
was evident in the WDHD 1 knockdown cells (Figure 6A), 
thus suggesting that WDHD1 may not be directly linked 
to DNA replication regulation at the centromere. 

How WDHD1 is recruited to the centromeric regions at 
distinct stage of the S phase remains an unresolved issue. 
Due to the presence of the carboxyl-terminal HMG 
domain, it is likely that WDHD1 recognizes specific 
sequence or structure characteristic of the centromere 
DNA (53). Interestingly however, while yeast homolog 
Mcll lacks such distinguishing feature of the mammalian 
protein, it can still localize and regulate the centromeric 
region. In spite of such discrepancy, no concrete evidence 
is yet present to exclude the possibility that HMG may still 
play a role in stabilizing WDHDl's centromeric binding. 
WDHDl's centromeric occupancy may also depend on 
other factors, such as epigenetic and/or structural 
proteins, or particular histone modification(s), that may 
serve as adaptor for such distinct localization. Finally, as 
the focal immunostaining patterns of WDHD1 is 
transcription-dependent (Figure 2B), and by virtue of 
WDHDl's interaction with RNA pol II (Figure 2A), 
WDHD1 may very likely rely on RNA pol II and 
associated factors to become connected with the centro- 
meric heterochromatin regions during S phase. 
Understanding the mechanism of its centromere recruit- 
ment may shed new light on the functional role of 
WDHD1 in the regulation of centromeric silencing 
process. 
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